Dorsal and ventral pathways for syntacto-semantic speech processing in the left hemisphere are represented in the dual-stream model of auditory processing. Here we report new findings for the right dorsal and ventral temporo-frontal pathway during processing of affectively intonated speech (i.e. affective prosody) in humans, together with several left hemispheric structural connections, partly resembling those for syntacto-semantic speech processing. We investigated white matter fiber connectivity between regions responding to affective prosody in several subregions of the bilateral superior temporal cortex (secondary and higher-level auditory cortex) and of the inferior frontal cortex (anterior and posterior inferior frontal gyrus). The fiber connectivity was investigated by using probabilistic diffusion tensor based tractography. The results underscore several so far underestimated auditory pathway connections, especially for the processing of affective prosody, such as a right ventral auditory pathway. The results also suggest the existence of a dual-stream processing in the right hemisphere, and a general predominance of the dorsal pathways in both hemispheres underlying the neural processing of affective prosody in an extended temporo-frontal network.
Introduction
Cortical auditory processing involves several perisylvian regions, which are interconnected by different fiber pathways. Recent studies (Friederici et al., 2006; Rauschecker and Scott, 2009; Saur et al., 2008) have predominantly identified left hemispheric processing pathways within a dual-stream model of auditory processing (Hickok and Poeppel, 2007) . They include ventral pathways from anterior superior temporal gyrus (STG) to the anterior inferior frontal gyrus (IFG) and dorsal pathways, which project to the posterior IFG via the posterior STG (Hickok and Poeppel, 2007; Rauschecker and Scott, 2009 ). Especially the dorsal pathway seems strongly left lateralized (Hickok and Poeppel, 2007) . The ventral pathways convey sound-invariant meaning (Belin and Zatorre, 2000b; Rauschecker and Scott, 2009 ), such as speech semantics (Hagoort, 2005) . The dorsal pathways serve sound-to-motor mapping (Saur et al., 2008) and the processing of temporal auditory sequences (Belin and Zatorre, 2000b; Rauschecker and Scott, 2009 ), which are also necessary for the understanding of speech syntax (Friederici et al., 2006) . Compared to a predominant role of the left brain for syntacto-semantic processing (Specht, 2014) , the emotional intonation in speech, that is the affective prosody, strongly, but not exclusively, activates regions in right STG and IFG (e.g. Alba-Ferrara et al., 2011; Beaucousin et al., 2007; Ethofer et al., 2006; . Thus, investigating the neural basis of affective prosody processing provides an ideal paradigm to investigate right hemispheric auditory pathways using diffusion-weighted imaging techniques together with functional magnetic resonance imaging.
These temporo-frontal pathways for affective prosody processing have been rarely studied (Ethofer et al., 2012; Glasser and Rilling, 2008) , mainly pointing to a right dorsal pathway (Gharabaghi et al., 2009; Glasser and Rilling, 2008) , but also providing evidence for the possibility of a right ventral pathway (Ethofer et al., 2012) . However, these studies explored pathways, first, only for circumscribed temporal regions, second, without specifying frontal target regions, third, without quantifying the architecture of these pathways, and therefore without dissociating the different possible functional roles of these pathways (Ethofer et al., 2012; Glasser and Rilling, 2008) . Taken together, these critical points might have led to a considerable underestimation of the importance and complexity of the temporo-frontal white matter pathway connectivity. Ventral and dorsal pathways, for example, are supposed to originate in multiple STG seed regions (Friederici, 2011; . Furthermore, these pathways probably terminate in the anterior as well as in the posterior IFG (Fruhholz and Grandjean, 2013b) , serving to evaluate (Schirmer and Kotz, 2006) and to categorize vocalizations (Romo et al., 2004) , respectively. Thus, especially the use of multiple temporal and frontal seed and target regions might help to more comprehensively describe the extended structural temporofrontal neural network underlying the processing of affective prosody.
Accordingly, using high-resolution fMRI we previously described several subregions in the bilateral IFG and in STG, which were differentially responsive to emotional compared to neutral prosody . Especially, affective prosody elicits brain activity in several distributed subregions in right STG (Fruhholz and Grandjean, 2013a; and right IFG (Fruhholz and Grandjean, 2013b) , but these subregions have functional differences (Fig. 1) . Especially, they show enhanced sensitivity to emotional compared to neutral prosody depending on the attentional focus toward (explicit attention) or away from (implicit attention) emotional cues in affective prosody. The right compared with left IFG showed a sensitivity to speech prosody during implicit attention, while left IFG subregions responded to affective prosody during both attentional conditions. All STG subregions showed a sensitivity to speech prosody both for the explicit and implicit attention condition, but right mid STG (mSTG) and left anterior STG (aSTG) showed stronger sensitivity during the explicit attention condition, whereby the latter regions showed a general main effect for the explicit compared with the implicit task, and thus might reflect a rather general evaluation of voices independent of the emotion. Furthermore, regions in the right posterior STG (fundus of the posterior superior temporal sulcus (fpSTS), posterior STG (pSTG)) and all left STG subregions were sensitive to the pitch and intensity variations in affective prosody, which are one of the main acoustic features of affective prosody (Banse and Scherer, 1996; Patel et al., 2011) .
Based on these functional differences, we assumed different white matter fiber connections, which link different subregions in right STG and right IFG, probably similar to several STG-IFG fiber pathways described for the left hemisphere (Friederici, 2011) . In the present study we therefore used diffusion-weighted imaging together with a probabilistic fiber tracking approach to investigate these temporo-frontal pathways, which might connect subregions in STG and IFG, which we observed previously . Beside some left hemispheric pathways, we especially expected to find right dorsal and ventral pathways underlying the processing of affective prosody given the extended anterior to posterior distribution of right STG subregions.
Materials and methods

Participants
To investigate bilateral temporo-frontal pathways for the processing of affective prosody, we recorded diffusion-weighted imaging data in participants, who listened to affective prosody in a previously described experiment . Seventeen healthy participants took part in the experiment. Data from two participants had to be excluded from the analysis because of signal artifacts in the diffusion-weighted data. The remaining sample consisted of three males and twelve females, with a mean age of 25.12 years (SD = 4.95, age range 20-38 years). All participants were native French speakers, were righthanded, and reported to have normal or corrected-to-normal vision, and to have no hearing disabilities. No subject presented a psychiatric or neurological medical history. Subjects gave informed and written consent for their participation in accordance with the ethical and data security guidelines of the University of Geneva. The experiment was approved by the local ethics committee of the University of Geneva.
MRI scanning
Images were recorded on a 3T Siemens Trim Trio System (Siemens, Erlangen, Germany) equipped with a 32-channel head coil using parallel imaging (GRAPPA factor 2). First, two repetitions of monopolar diffusion-weighted images (Stejskal-Tanner; TR/TE = 8200/82 ms, vocal size 2 mm 3 , 65 slices) were performed along 30 independent directions, including a b-value of 1000 s/mm 2 . A reference image with no diffusion weighting (b = 0 s/mm 2 ) was also obtained during each diffusion-weighted acquisition. Second, a high-resolution, magnetization-prepared rapid acquisition gradient echo (MPRAGE) T1-weighted sequence (TR/TE/TI = 1900/2.27/900 ms, FoV 296 mm, voxel size 1 mm 3 , 192 slices) was obtained in sagittal orientation to obtain structural brain images. Finally, functional images were recorded using high-resolution T2*-weighted EPI images (TR/TE/TA = 10,000/ 30/8250 ms, voxel size 1.5 × 1.5x2 mm, 25 slices).
Stimuli and procedure
A full description of the stimuli and the experimental setup can be found here . In short, we presented four speechlike but meaningless words ("molen", "belam", "nikalibam", "kudsemina"), which were spoken in either a neutral or an angry tone by two male and two female actors. The same stimuli were presented during blocks, which varied according to the focus of attention. In two blocks participants were asked to make explicit prosody discriminations (neutral or angry; referred to as "explicit attention"). In another two blocks participants were asked to discriminate the gender of the voices (male or female; referred to as "implicit attention"), where the emotional intonation of words was assumed to be processed on an implicit level.
Region of interest (ROI) selection for seed regions
With the above described experimental procedure, we previously identified several subregions in the left and right superior temporal cortex (STC, consisting of STG and STS) and two subregions in the bilateral IFG resulting from the comparison of angry and neutral voices across both attention levels, but also for this comparison within each of the explicit and the implicit attention condition (Fig. 1) . Here we used these regions as seed and target regions for probabilistic fiber tracking in order to establish the white matter connectivity between these regions. We took three subregions in the voice-sensitive (Hickok and Poeppel, 2007) . Some of these activations were found independent of the attentional focus, during both the explicit and the implicit attention condition, or were especially enhanced during the explicit or implicit attention task. Additionally, some of these regions were sensitive to pitch and intensity variations of affective prosody (encircled in black). 0]) (Fig. 2B) (Fig. 3B ). Note that all four right STG subregions except PPo, were located in the voice-sensitive cortex, as defined by a standard voice localizer scan (see Belin and Zatorre, 2000a) .
Image processing and data analysis
Diffusion-weighted data were preprocessed and analyzed using the FSL software package (version 4.1.6; www.fmrib.ox.ac.uk/fsl). The data were corrected for eddy currents and motion, and subsequently averaged across the two acquisitions. At each voxel, we estimated the two most likely diffusion directions by using Bayesian estimation as implemented in the FDT toolbox, including a model that accounts for the possibility of crossing fibers within each voxel (Behrens et al., 2007) . The estimation was performed in native diffusion space. An exclusion mask was applied covering the whole non-brain space, especially taking into account the lateral sulcus to avoid spurious temporo-frontal shortcuts.
In order to initiate fiber tracking from the fMRI derived activation peaks, MNI locations of group activations were transformed in two steps. First, peak activations were first slightly moved to the nearest In a first step, we defined one mask consisting of the superior longitudinal fasciculus (SLF) mask (green), and another mask whitematter mask (yellow) consisting of the inferior longitudinal fasciculus (ILF) and the inferior-occipito-frontal fasciculus (IFOF). All masks were taken from the JHU white-matter tractography atlas. (B) The spatial overlap between the general fiber pathway mask (i.e. containing all fiber pathways identified here) and the SLF mask resulting from the procedure in A served the definition of the dorsal pathway (blue), while the overlap between the general fiber pathway mask and the combined ILF/IFOF mask served the definition of the ventral pathways (red). (C) Finally, from the ventral and the dorsal pathway masks resulting from B, we took single slices at the coronal level of y = −15 and y = −10 to define waypoint masks for quantitative fiber tracking of the dorsal (blue) and the ventral pathway connections (red), respectively, in order to calculate the pathway probability (PP).
gray-white matter boundary in MNI space. Second, these peak locations were then back-transformed to the native diffusion space of each individual by using the inverse normalization parameters, obtained by the segmentation of the anatomical images using SPM8 (www.fil.ion.ucl. ac.uk/spm). Prior to this segmentation and inverse warping, the anatomical image was coregistered to the fractional anisotropy image that resulted from the estimation of the diffusion directions (see above). This coregistration was done using FLIRT in FSL. After backtransforming the peak locations from MNI to native space. A 4 mm radius sphere was then placed around each peak coordinate and the volume of voxels that individually overlapped with the white matter in each participant served as seed and target regions for the probabilistic fiber tracking (see Gschwind et al., 2012) . The resulting volume of voxels did not include voxels that overlapped with the exclusion mask of nonbrain volume (see above), and were as follows for left regions in fOP (M vol = 124 mm , SEM 5). We choose to define seeds on group-based peak activations backtransformed to the individual space of each participant. The fundamental dependency of the activation cluster size on the chosen statistical threshold, and thus a principal impossibility to determine the exact extent of a functional region, motivated our approach to define seed ROIs with spheres of the same size, centered on the peak of the group cluster activations. Although relying on group-level analysis using normalized brain anatomy can sometimes lead to activations that are not consistently found in each and every subject of the group, and because the peak represents an average result, it may not provide the exact localization of maximal responses in each individual brain. However, this approach is consistent with a large body of neuroimaging research (Saur et al., 2008) , and seems unlikely to introduce biases in our results.
From each seed voxel, we sent out 25,000 samples (step length 0.5 mm, curvature threshold 0.2) mapping the probabilistic connectivity pattern. The resulting maps were thresholded at 5% and normalized to MNI standard space using nonlinear transformation warp fields (provided by the TBSS pipeline; Smith et al., 2006) . Group analysis was performed on group connectivity probability maps (binarized and summed) across participants. The resulting group maps were thresholded at a level of N 7 (=53.3%), indicating that at least eight of the 15 subjects consistently showed the respective connecting fiber tracks .
The connectivity analyses were performed in two stages. The first analysis stage included probabilistic fiber tracking in the left hemisphere between each of the three regions in the STG as seeds and each of the two regions in the IFC as targets, thus resulting in six different (C) Temporo-frontal pathways separately for all three temporal seed regions and the fOP as the frontal target region. The encircled region (dotted line) shows an area of missing continuation of fiber pathways due to inconsistent pathway probabilities across participants. The right panel shows the pathway probabilities (PP) for each temporal seed region, indicating the probability of the connection to the frontal target regions taking the dorsal or the ventral pathway (see Fig. 1 ). (D) Temporo-frontal pathways for all three temporal seed regions and the IFG as the frontal target region. Abbreviations: AF arcuate fasciculus; aSTG anterior superior temporal gyrus; CP connection probability; CS central sulcus; EmC extreme capsule; fOP frontal operculum; IFG inferior frontal gyrus; ILF inferior longitudinal fasciculus; IFOF inferior fronto-occipital fasciculus; LS lateral sulcus; PP pathway probability; PPo planum polare; pSTG posterior superior temporal gyrus; SLF superior longitudinal fasciculus. connectivity pairs (3 seed regions × 2 target regions) . Fiber tracking was performed in both directions, from seed to target and backwards, and the resulting connectivity maps were averaged such that only fiber connections were kept that were present both in the forward and in the backward probability map (i.e. which were nonzero in both maps). Group connectivity maps were then generated as described above. The same steps were performed on the four STC and the two IFC subregions in the right hemisphere. The first analysis stage revealed dorsal and ventral pathways between the different subregions in the STC and the IFC in both hemispheres.
In order to estimate the relative connectivity of the dorsal and the ventral pathways, we then conducted two additional analyses on the second stage. We included waypoint masks for the dorsal and the ventral pathway, which constrained the tracking algorithm to fibers that only passed through the respective masks (Fig. 2) . These dorsal and ventral waypoint masks were generated as follows. First, we defined superior longitudinal fasciculus (SLF) masks taken from the JHU white-matter tractography atlas at a probability threshold of 100% (Hua et al., 2008) . The SLF is the main dorsal longitudinal fiber bundle connecting posterior and anterior brain regions, as has been frequently reported to contain fiber connections between regions involved in auditory communication (Hua et al., 2008) (Fig. 2A) . Furthermore, we defined a white-matter mask by combining the inferior longitudinal fasciculus (ILF) and the inferior fronto-occipital fasciculus (IFOF) taken from the JHU atlas, as the main ventral longitudinal fiber bundles (Friederici, 2011; Saur et al., 2008) . Subsequently, we created a general white-matter pathway mask by summing up all fiber pathways from all seed and target regions across all participants. The spatial overlap between this general fiber pathway mask and the SLF mask resulting from the procedure in the first step served the definition of the dorsal pathway (Fig. 2B) . The overlap between the general fiber pathway mask and the combined ILF/IFOF mask served the definition of the ventral fiber pathways. Finally, from the dorsal and ventral fiber pathway masks we took single slices at the coronal levels of y = − 15 and y = −10 to define waypoint masks for the dorsal and the ventral pathways, respectively (Fig. 2C) . These slices were taken at a coronal position where the dorsal and ventral pathway masks showed highest consistency in terms of a posterior-to-anterior directionality (Friederici, 2011; Saur et al., 2008) . All three steps were performed for each hemisphere separately. The resulting waypoint masks were transformed to each participant's native space for probabilistic fiber tracking in native space.
The connectivity probability (CP) between a given pair of ROIs was calculated as the average number of successful samples (i.e. reaching the target regions) of the 25,000 samples sent out per each effective voxels (i.e. those voxels that were located in the white matter) in the seed and a target ROI (Croxson et al., 2005; de Wit et al., 2012; Gschwind et al., 2012) . The number of successful samples was then normalized by the total number of all successful samples across all investigated seed and target regions for each subject in each hemisphere. The pathway probability (PP) between two ROIs was calculated as the number of successful samples between seed and target ROI specifically for the dorsal or the ventral pathway (Fig. 2) , again normalized across the sum of all pathways in each hemisphere. All CP and PP data were normally distributed as indicated by nonsignificant Kolmogorov-Smirnov tests on all one-to-one temporo-frontal connections in each hemisphere (all Ps N 0.174). The CP values were subjected to a random-effects repeated-measures analysis of variance (ANOVA) with the withinsubject factors temporal seed (3 ROIs) and frontal target (2 ROIs) for the left hemisphere, and to a 4 × 2 ANOVA for the right hemisphere, respectively. Significant main effects were followed by Bonferronicorrected planned comparisons between the factor levels, and significant interactions were followed by a post hoc Student t-test between the factor combinations of interest. Each ANOVA was accompanied by a Mauchly test of sphericity. In the case of a significant Mauchly test, we applied Greenhouse-Geisser correction to the degrees of freedom and the P-values of the comparison of interest. T-tests were computed for those pathway probabilities of connections (right fpSTS-IFG, left aSTG-IFG) that showed both a dorsal and a ventral pathway.
Results
Using high resolution fMRI and minimal smoothing, we have recently provided a detailed mapping of the regions, which were sensitive to speech prosody conveyed by emotional vocalizations, including several subregions in the bilateral STG and the IFG (Fig. 1 ). Here, we tested for white matter connectivity between these regions and therefore performed probabilistic fiber tracking separately for the left and the right hemisphere pairwise between all ipsilateral STG and IFG subregions.
Concerning the left hemispheric pathways (Fig. 3) , we found that all frontal target regions were targeted with equal strength in terms of connection probability (CP) by the STG seed regions indicated by a nonsignificant effect for the factor frontal target (F 1,14 = 0.592, P = 0.455). The anterior STG (aSTG) was connected to the IFG via a strong ventral pathway consisting of the inferior longitudinal fasciculus (ILF) and the inferior fronto-occipital fasciculus (IFOF) in its posterior portion, and the extreme capsule (EmC) in the anterior portion (Fig. 5A ), as confirmed with a standard white matter atlas (Catani and Thiebaut de Schotten, 2008) . The identification of the EmC was also based on the anatomical knowledge especially regarding its topographic distinction from the close external capsule (EC). The EmC is a cortico-cortical association pathway, while the EC belongs to the cortico-striatal fiber system (Makris and Pandya, 2009 ). The aSTG was also connected to the IFG via a dorsal pathway, but the aSTG-IFG connectivity displayed a higher pathway probability (PP) via the ventral compared with the dorsal pathway (t 14 = 18.874, P = 2.35 × 10 −11 ) (Fig. 3D) . The aSTG finally showed a connection to the left frontal operculum (fOP) by dorsal pathways. Unlike the aSTG, the left polare plane (PPo) and the posterior STG (pSTG) were connected to both the IFG and the fOP only via dorsal pathways. The strongest CP originating from the STG seed regions was actually found for the pSTG and targeting all frontal regions (main effect for the factor temporal seed: F 1.44,20.16 = 7.469, P = 0.007, GreenhouseGeisser (GG) corrected), especially for the comparison of the pSTG compared with the PPo (planned posthoc comparison: P = 7.74 × 10
−4
). We also observed several fiber pathways in the right hemisphere (Fig. 4) . All frontal regions were targeted with equal CP indicated by a nonsignificant main effect for the factor frontal target (F 1,14 = 2.979, P = 0.106), but different seed regions had differential CP to these frontal target regions indicated by a significant effect for the factor temporal seed (F 1.11,15.47 = 415.785, P = 3.05 × 10 −31 , GG corrected). Specifically, we found that while all subregions in the STG were connected to the right fOP via dorsal pathways, only the most posterior region in the right fundus of the posterior superior temporal sulcus (fpSTS) was connected to the right IFG via equally strong dorsal and ventral pathways (i.e. indicated by a nonsignificant effect of for the comparison of the dorsal and ventral PP; t 14 = 0.023, P = 0.982) as well as to the fOP via a dorsal pathway. The ventral pathway consisted of the ILF/IFOF in the posterior part and the EmC in the anterior part (Fig. 5B) . The fpSTS revealed the strongest CP to frontal target regions compared with all other STC seed regions (planned post-hoc comparisons for the main effect of the factor temporal seed: all Ps b 1.85 × 10 −10 ), and showed a nonsignificant trend toward a higher CP to fOP than to IFG indicated by a temporal seed × frontal target interaction (F 1.01,14.19 = 4.694, P = 0.047, GG corrected; post hoc: t 14 = 2.054, P = 0.059). The right PPo, mid STG (mSTG), and pSTG were connected only to the fOP via dorsal pathways. The least CP was found for the mSTG, especially as compared with the pSTG and the PPo (planned post-hoc comparisons for the main effect of the factor temporal seed: all Ps b 0.041). Finally, we extracted microstructural properties of the white matter (Pierpaoli et al. 1996) , including the mean FA and mean diffusivity (MD) for all reported pathways. Table 1 shows the mean values for these connections, averaged for both fiber-tracking directions. All these values were in the range typically reported for small white-matter tracts in cortical proximity (Wahl et al. 2010) , thus supporting the quality and reliability of our data.
Discussion
The present results revealed several new findings, mainly pointing to bilateral dorsal and ventral temporo-fronto pathway connections of regions involved in processing affective prosody. The dorsal pathway mainly consisted of fiber bundles belonging to the AF and the SLF, whereas the ventral pathway was composed of parts of the ILF, IFOF, and the EmC. First, we revealed some left-hemispheric temporofrontal connections for affective prosody processing, especially dorsal connection between the anterior STG and the inferior frontal cortex, in addition to those described recently for auditory processing of vocalizations and speech (Ethofer et al., 2012; Glasser and Rilling, 2008 ; Rauschecker and Scott, 2009; Saur et al., 2008) . The results are also indicative of dorsal and ventral temporo-frontal connections in the right hemisphere, especially of a previously not exhaustively described right ventral pathway (Ethofer et al., 2012) . For the latter, we now provide quantitative description as well as evidence for the specific subregions in STC and IFC, which are structurally connected by the right ventral pathway. Second, we found an overall bilateral predominance of the dorsal pathway for processing affective prosody.
Concerning the left hemisphere, the ventral aSTG-IFG connection and the dorsal connection from the pSTG to the fOP resemble common connections for processing speech (Saur et al., 2008) probably because of the speech-likeness of the stimuli. These ventral and dorsal pathways specifically might decode the emotional meaning and the temporal prosody contour, respectively, in accordance with the more general view that the ventral pathway connects regions involved in processing sound meaning, and that the dorsal pathway connects regions involved in processing of temporal sound patterns (Rauschecker and Scott, 2009 ). However, the remaining left dorsal connection that especially targeted the IFG has not yet been described within the speech processing network, because these speech pathways are assumed to terminate in posterior frontal cortex (Friederici, 2011; Saur et al., 2008) . Therefore, the dorsal connections to the anterior frontal cortex might be rather used for processing prosody superimposed on speech than speech itself, which is also corroborated by a functional connection between these areas .
Thus, fiber connections from the STG via the dorsal pathway can terminate both in the posterior fOP as shown by speech processing studies (Saur et al., 2008) , but also in the anterior IFG around BA 45 as shown here (see also Petrides et al., 2012; Rilling et al., 2008) . Accordingly, we found connections both to fOP and IFG. Both regions have a strong sensitivity to affective prosody (Fruhholz and Grandjean, 2013b) , and this sensitivity seems largely independent of acoustic features, and appear during both attention conditions (Fig. 1) , indicating a general sensitivity to affective prosody, but with possible differences in their functional roles. The IFG is thought to evaluate (Schirmer and Kotz, 2006) and the fOP to categorize emotional cues related to prosody features (Romo et al., 2004) .
The results in the right hemisphere provide interesting findings especially for the most posterior temporal regions in the posterior STS and STG (i.e. the fpSTS and the pSTG). Recent studies suggested that the right pSTG might be connected to the ipsilateral IFC via connections along the dorsal pathway (Ethofer et al., 2012; Glasser and Rilling, 2008) . Here we provide the additional finding that the pSTG is dorsally connected specifically to the right fOP. This dorsal connection was not restricted to the pSTG since all STG seed regions showed a connection to the fOP. Interestingly, the left mSTG showed the least probable connection to the right fOP. In general, we found that the right IFG is strongly sensitive to prosody during implicit attention, while the mSTG is mainly active during explicit attention. This differential sensitivity to prosody might be explained by this relatively smaller connection probability between the mSTG and the fOP. Unlike the mSTG, all other temporal seed regions were active during implicit attention, similar to the left fOP, and accordingly show a strong connection probability to the fOP. The strong anatomical connectivity might explain their similar sensitivity to affective prosody.
Beside the right pSTG, the temporal region in the posterior fundus of the right STS (fpSTS) showed the strongest connection strength to frontal target regions, both along the right dorsal and ventral pathway. The fpSTS was the only region to target the right IFG, taking the right ventral pathway, which has been not well described in humans yet, but seems to have precursors in nonhuman primates (Ghazanfar, 2008; Rilling et al., 2008) . Previously, we found that the fpSTS is active independent of the attentional focus, but exhibiting sensitivity to the features of acoustic features of affective prosody, such as pitch and intensity variations. Thus, the connection between the fpSTS and the IFG could support an evaluation of affective prosody on the basis of acoustic features decoded by the fpSTS and fed forward to the IFG, particularly during implicit attention, for which a functional connection was reported recently . Unlike the right IFG, the right fOP was exclusively targeted by temporal seed region via the dorsal pathway. The fOP might be more responsible for the cognitive categorization and evaluation of affective prosody in support of response preparations (Romo et al., 2004) on the basis of higher-level prosody representations in the mSTG, which shows less acoustic sensitivity to pitch and intensity variations, but more sensitivity especially during explicit attention.
The right fOP was exclusively targeted by temporal seed region via the dorsal pathway, and we generally found a predominance of these dorsal pathways across both hemispheres. This predominance of the dorsal pathway is probably indicative of the processing of the temporal dynamics (Rauschecker and Scott, 2009) as an important cue for the decoding of affective prosody (Banse and Scherer, 1996; Belin and Zatorre, 2000b; . However, the dorsal pathway revealed some hemispheric differences in terms of termination on frontal target regions, particularly for those temporal seed regions that were common to both hemispheres (i.e. PPo, pSTG). While for these common left and right temporal seed regions the dorsal pathway exclusively targeted the fOP on the right hemisphere, they targeted both the fOP and the IFG in the left hemisphere. This probably points to a differential role of the left and right dorsal pathway in processing segmental and suprasegmental affective prosody, respectively (Fruhholz and Grandjean, 2013b) , such that the dorsal pathway connection for segmental prosody additionally might target more anterior frontal regions in the left hemisphere.
In our study we have tested the probabilistic fiber pathway connectivity between the affective prosody responsive regions as obtained by fMRI, but it is possible that the described temporo-frontal fiber pathways do not display exclusivity for affective prosody processing only. Here, we have shown that these fiber pathways were the anatomical substrate of the distributed neural network for the decoding of affective prosody Grandjean, 2012, 2013b) . However, since we have not directly compared this anatomical prosody network with other specific networks, especially the semantic language processing network, we cannot rule out the possibility that some of the connections also underlie other speech-related, or even general auditory functions. For example, some aspects of speech processing also involve the right hemisphere (Cogan et al., 2014; Hickok and Poeppel, 2007) . Further studies are thus needed to determine if the anatomical connections described here are specific for affective prosody processing only, or if they are shared for the processing of other auditory stimuli. Taken together, our data show that both the left and the right hemisphere use the dorsal and the ventral pathway to process affective prosody, which imply three important findings. First, the dorsal and ventral connections might partly be used for different functions according to the featurebased decoding of affective prosody and according to the attention condition. Left IFG subregions responded both during the explicit and implicit attention condition, but left aSTG was more responsive during explicit attention and left PPo and pSTG more during implicit attention. Thus, different left hemispheric STG to IFG connections might have stronger weight during each attention condition. Right STG to IFG connections might have a strong weight especially during the implicit attention condition due to the strong response of the right IFG during the implicit condition. Second, the temporal seed regions seem to largely originate in the temporal cortex with unique local white fiber bundles, which however unite at the level of the AF to form a single dorsal pathway together with the SLF. The ventral pathway in its major part consisted of the ILF, the IFOF and the EmC. These results are in accordance with recent general descriptions of both pathways (Friederici, 2011; Ghazanfar, 2008; Saur et al., 2008) . We provide further a more detailed description especially of a right ventral pathway, which has been described only marginally for auditory processing in general (Gharabaghi et al., 2009; Makris and Pandya, 2009) and not exhaustively for affective prosody processing in specific (Ethofer et al., 2012; Glasser and Rilling, 2008) . For the latter, especially an exact definition of the IFC subregions as one end of the ventral pathway was missing that could be only provided by bidirectional STC-IFC fiber tracking. Third and finally, we found an overall bilateral predominance of the dorsal pathway, which might support the strong processing of temporal pitch and intensity dynamics in regions connected by this pathway, these acoustic cues are important for the decoding of affective prosody (Banse and Scherer, 1996; Belin and Zatorre, 2000b; Patel et al., 2011) . The latter might extend recent dual-stream models assuming a leftward dominance of the dorsal pathways (Hickok and Poeppel, 2007) by pointing to an important role of bilateral and especially of the right dorsal pathway for affective prosody processing.
We have to include a final note of caution concerning the unbalanced ratio of male and female participants in the final sample of participants. The results thus might be more valid for female than for male participants. Some studies have reported gender differences in terms of functional activations in response to affective prosody (e.g. Schirmer et al., 2004) , but no evidence was reported so far for structural differences between male and female participants in neural language and para language network (e.g. Ethofer et al., 2012; Saur et al., 2008) . However, for almost all of our resulting STC-IFC fiber connections, which were thresholded to be present in at least eight out of the 15 participants, all three male contributed to the fiber pathways. For two fiber connections (left PPo-IFG, right mSTG-fOP), only two of the three male participants contributed to the pathway. Thus, the STC-IFC structural network reported in the present study is likely to be valid both for female and male participants.
